Dipeptidyl peptidase IV (DP-IV), a member of the prolyl oligopeptidase family of peptidases, is involved in the metabolic inactivation of a glucose-dependent insulinotropic hormone, glucagon-like peptide 1 (GLP-1), and other incretin hormones. Here, we investigated the impact of DP-IV deficiency on body weight control and insulin sensitivity in mice. Whereas WT mice displayed accelerated weight gain and hyperinsulinemia when fed a high-fat diet (HFD), mice lacking the gene encoding DP-IV (DP-IV ؊͞؊ ) are refractory to the development of obesity and hyperinsulinemia. Pair-feeding and indirect calorimetry studies indicate that reduced food intake and increased energy expenditure accounted for the resistance to HFD-induced obesity in the DP-IV ؊͞؊ mice. Ablation of DP-IV also is associated with elevated GLP-1 levels and improved metabolic control in these animals, resulting in improved insulin sensitivity, reduced pancreatic islet hypertrophy, and protection against streptozotocin-induced loss of ␤ cell mass and hyperglycemia. Together, these observations suggest that chronic deletion of DP-IV gene has significant impact on body weight control and energy homeostasis, providing validation of DP-IV inhibition as a viable therapeutic option for the treatment of metabolic disorders related to diabetes and obesity.
T ype 2 diabetes is a complex metabolic disorder characterized by abnormal insulin secretion caused by impaired ␤ cell function and insulin resistance in target tissues (1, 2) . The worldwide prevalence of type 2 diabetes is reaching epidemic proportions, with an expected total of 221 million cases by the year 2010 (3) . The single most important risk factor for the pathogenesis of diabetes is obesity and its associated insulin resistance. An effective treatment for diabetes clearly is lacking (4) , underscoring the importance of identifying new therapeutic targets for the disease.
The underlying causes of obesity are complicated and involve the interaction of environmental and genetic factors that mediate energy intake and expenditure (5) (6) (7) . Overnutrition in the form of excessive intake of dietary fat contributes greatly to the development of obesity, as indicated by a number of epidemiological studies (8, 9) . The molecular mechanisms linking overnutrition and adiposity are not entirely clear; however, recent studies have implicated the involvement of a complex network of hormones derived from peripheral tissues and neuropeptides in the control of body weight (5, 7, 10, 11) .
Dipeptidyl peptidase IV (DP-IV or CD26) is a multifunctional glycoprotein that contains N-terminal serine dipeptidase activity and is present both in circulation and on the cell surface (12) . DP-IV has been implicated in pleiotropic cellular processes involving immune, inflammatory, and endocrine functions (12, 13) and has been shown to cleave several hormones and chemokines in vitro. The best validated in vivo substrates are members of the glucagon family of peptides, including glucagonlike peptide 1 (GLP-1), GLP-2, and glucose-dependent insulinotropic polypeptide (14) , which are inactivated by cleavage after their penultimate Ala residue. GLP-1 has multifaceted actions, including glucose-induced stimulation of insulin biosynthesis and secretion, inhibition of glucagon secretion, regulation of gene expression, trophic effects on ␤ cells, inhibition of food intake, and slowing of gastric emptying. These effects contribute to the normalization of elevated blood glucose and the control of satiety and body weight (15) (16) (17) . In addition, GLP-2 and glucose-dependent insulinotropic polypeptide signaling have been implicated in the regulation of energy balance (18, 19) . Previously, investigators have shown that upon glucose challenge, DP-IV Ϫ͞Ϫ mice have improved glucose tolerance, increased insulin, and increased active GLP-1, consistent with the role of DP-IV in the regulation of GLP-1 (20) . Here, we investigate the effect of chronic ablation of DP-IV on metabolic control and show that DP-IV Ϫ͞Ϫ mice are resistant to dietinduced obesity and associated insulin resistance.
Materials and Methods
Experimental Procedures. All animal procedures were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee.
Animal Studies. The generation of DP-IV Ϫ͞Ϫ mice used in this study has been described, and the mice were inbred on C57BL͞6 background (20) . Male WT (C57BL͞6) and DP-IV Ϫ͞Ϫ mice were housed 10 per cage in a room maintained at constant temperature (25°C or 70°F). Four-week-old mice were fed ad libitum a low-or high-fat diet (LFD or HFD, respectively), with 10% or 45% of Kcal from fat, respectively (Research Diets, New Brunswick, NJ). Individual body weights were measured over a 20-week period. Body composition and hepatic fat content were assessed by a Fat͞Lean Mice Whole Body Magnetic Resonance Analyzer (Bruker, Billerica, MA). For treatment with streptozotocin (STZ), mice were fed a HFD for 8 weeks, injected with STZ i.p. at 85 mg͞kg, and then fed a HFD for an additional 4 weeks.
Pair-Feeding Study. Mice were housed individually and permitted to acclimate to this condition for 1 week before food-intake measurements and maintained on a HFD. Food intake amounts for ad libitum fed DP-IV Ϫ͞Ϫ and WT mice were measured daily starting at Ϸ5 weeks of age. Pair-feeding was accomplished by measuring the food intake of the ad libitum fed DP-IV Ϫ͞Ϫ mice every 24 h (just before onset of the dark cycle daily). The following day, the individually housed WT mice (pair-fed group) were given the average amount of food consumed by the knockout mice on the previous day. Body weight was measured weekly.
Indirect Calorimetry. Male DP-IV Ϫ͞Ϫ and WT mice, 11-12 weeks of age, were fed a HFD for 6 weeks and investigated in indirect calorimeters. Oxygen consumption (VO 2 ) was determined simul-taneously for multiple animals by indirect calorimetry using an Oxymax System (Columbus Instruments, Columbus, OH). Measurements were taken for a 23-h period, including an 11-h light cycle and a 12-h dark cycle. Data were normalized to body weight.
Histological and Immunohistochemical Analysis. Adipose tissue and pancreas were fixed in 10% buffered formaldehyde and embedded in paraffin standard hematoxylin͞eosin procedures or with antiinsulin and antiglucagon antibodies. 
RNA Preparation and Quantitative RT-PCR.
Tissues were extracted with Trizol (Life Technologies, Rockville, MD), and total RNA was isolated from each sample according to the manufacturer's instructions. Amplification of each target cDNA was performed with TaqMan PCR Reagent Kits in the ABI Prism 7700 Sequence Detection System according to the protocols provided by the manufacturer (Applied Biosystems). The following forward primer͞reverse primer͞probe sets were used for the amplification step: ␤-3 receptor, gggaggcaacctgctggta͞gaagtcacgaacacgttggttatg͞cgcccgcacgccgagact; UCP1 (uncoupling protein), ccttcccgctggacactg͞cctaggacacctttatac-ctaatggt͞caaagtccgccttcagatccaaggtg; Peroxisome proliferator-activated receptor ␣ (PPAR␣), ttcaatgccttagaactggatgac͞ aatgtagcctatgtttagaaggcca͞ccgatctccacagcaaattatagcagcca; SREBP-1c (sterol regulatory element-binding protein-1c), catcgactacatccgcttcttg͞ttttgtgtgcacttcgtagggtagcaaccag-aagctca.
The level of mRNA for each gene was normalized to the level of 18S ribosomal RNA detected in each sample.
Calculations. Data are expressed as means Ϯ SEM. Statistical analysis was conducted by using Student's t test or ANOVA. Statistical significance was defined as P Ͻ 0.05. (20) were fed a LFD or HFD from 5 to 25 weeks of age. As depicted in Fig. 1A , WT mice fed the HFD predictably exhibited a significant increase in the rate of body weight gain when compared with age-and gender-matched animals fed the LFD. Mice lacking DP-IV, however, weighed significantly less than their WT counterparts maintained on the same diets. This decreased weight gain was most evident across the HFD groups, where a reduced rate of weight gain in DP-IV Ϫ͞Ϫ mice compared with WT was significant by the third week and was maintained throughout the 20-week study period (terminal body weight of 46.0 Ϯ 0.7 g for WT vs. 38.5 Ϯ 1.6 g for DP-IV Ϫ͞Ϫ , P ϭ 0.0002, n ϭ 17). Additionally, the body weight in LFD-fed DP-IV Ϫ͞Ϫ mice was lower than the WT counterparts. These results indicate that DP-IV Ϫ͞Ϫ mice are protected from HFD-induced accelerated weight gain.
Results

DP-IV
As expected, WT mice maintained on the HFD had increased total fat mass and percent fat content relative to the LFD group (Table 1) . These parameters were significantly lower for HFDfed DP-IV Ϫ͞Ϫ mice. Lean body mass was comparable for all groups. Histological analysis indicated a significant hypertrophy of fat cells in both epididymal white adipose tissue (Fig. 1B) and intrascapular brown adipose tissue (BAT) (Fig. 1C) after HFD feeding of WT mice. The changes in morphology were most striking in BAT, where the HFD-fed WT mice developed significantly enlarged brown adipocytes resembling metabolically less active white adipocytes. Similar changes were absent or attenuated in HFD-fed DP-IV Ϫ͞Ϫ mice. Consistent with the body composition and histological analyses, DP-IV Ϫ͞Ϫ mice also were resistant to HFD-induced hyperleptinemia (Table 1) . These results indicate that HFD-induced adiposity is curtailed in mice lacking the DP-IV gene.
Reduced Food Intake and Increased Energy Expenditure in DP-IV ؊͞؊
Mice. Energy intake and consumption are two major components of energy balance (21) . On HFD, the food intake of DP-IV Ϫ͞Ϫ mice was reduced significantly when compared with WT mice (2.2 Ϯ 0.1 vs. 3.0 Ϯ 0.2 g͞d, P Ͻ 0.05, n ϭ 15). Thus, calculation of feed efficiency (22) indicated that reduction in caloric intake accounted for Ϸ70% of reduced weight gain in DP-IV Ϫ͞Ϫ mice on HFD. To more accurately determine the effect of reduced food intake on body weight gain, we performed a pair-feeding experiment (23) to restrict food intake of WT mice compared with that of DP-IV Ϫ͞Ϫ mice. As illustrated in Fig. 2A , pair-fed WT mice gained significantly less weight compared with WT mice fed ad libitum on HFD. However, the pair-fed WT mice still gained significantly more weight when compared with DP-IV Ϫ͞Ϫ mice, suggesting that factors other than food intake also contributed to the resistance in obesity in mice with DPV-IV ablation.
To address whether the resistance to weight gain is associated with an increase in energy expenditure, we carried out indirect calorimetry studies. The mice were evaluated after 6 weeks of HFD feeding. The DP-IV Ϫ͞Ϫ mice demonstrated significantly higher rates of oxygen consumption than their WT controls throughout the light and dark cycles, and the increase in the total oxygen consumption in DP-IV Ϫ͞Ϫ mice was highly significant (P Ͻ 0.0001) (Fig. 2 B and C) . These results are indicative of increased energy expenditure in mice with ablation of the DP-IV gene. Furthermore, mRNA levels of ␤-3 adrenergic receptor and uncoupling protein 1 in the BAT from HFD-fed DP-IV Ϫ͞Ϫ mice were increased significantly (3-to 4-fold; Fig. 2E ). Because both ␤-3 receptor and uncoupling protein 1 play important roles in increasing energy expenditure (24, 25) , the increased expression of these messages in DP-IV Ϫ͞Ϫ mice is consistent with elevated metabolic rate in DP-IV Ϫ͞Ϫ mice. The increased energy expenditure, along with the aforementioned reduced food intake, could contribute to the prevention of HFD-induced obesity in these animals.
DP-IV ؊͞؊ Mice Are Resistant to Obesity-Induced Insulin Resistance.
Hyperinsulinemia and insulin resistance frequently are associated with obesity (26) . Although mice in all of the diet groups maintained euglycemia, WT mice maintained on the HFD exhibited a 4-fold increase in plasma insulin levels compared with similar mice fed the LFD (Fig. 3A) . Interestingly, even when comparing animals on the LFD, DP-IV Ϫ͞Ϫ mice exhibited Ϸ3-fold-lower insulin levels, indicative of improved insulin sensitivity. Furthermore, histological analysis revealed pancreatic islet hypertrophy only in HFD-fed WT mice (Fig. 3B) . In contrast, HFD-fed DPIV Ϫ͞Ϫ animals were protected from hyperinsulinemia and islet hypertrophy. An insulin tolerance test (Fig. 3C ) indicated that insulin manifested significantly greater glucose lowering efficacy in DP-IV Ϫ͞Ϫ mice than in WT mice, demonstrating that obesity-linked insulin resistance observed in WT mice was ameliorated in mice lacking the DP-IV gene.
The ambient levels of biologically active GLP-1 were elevated by Ͼ6-fold in HFD-fed DP-IV Ϫ͞Ϫ mice when compared with WT mice (6.7 Ϯ 0.3 vs. 0.8 Ϯ 0.3 pM, n ϭ 10, P Ͻ 0.01). Circulating glucagon levels were reduced significantly by Ϸ15-20% in DP-IV Ϫ͞Ϫ mice when compared with WT mice (77.0 Ϯ 6.0 vs. 105.0 Ϯ 11.5 pg͞ml, P Ͻ 0.05, n ϭ 10). These data are consistent with the previously reported glucagonostatic effects of GLP-1 (27) and could contribute to improved glucose clearance in the DP-IV Ϫ͞Ϫ mice. DP-IV ؊͞؊ Mice Are Resistant to HFD-Induced Hepatic Lipid Accumulation. HFD has been associated with hepatic steatosis (8, 9) . NMR measurement indicated that livers from WT mice maintained on the HFD accumulated significantly higher levels of lipids (expressed as percent hepatic fat content) compared with livers from LFD-fed WT mice (Fig. 4A) . In contrast, lipid accumulation in the livers of HFD-fed DP-IV Ϫ͞Ϫ mice was reduced significantly and similar to that observed in WT mice on LFD, suggesting that DP-IV Ϫ͞Ϫ mice are protected against HFD-induced fatty liver formation.
Hepatic lipid accumulation is determined by the activities of two opposing pathways, namely, lipid synthesis and fatty acid ␤-oxidation. PPAR␣ is a key transcription factor controlling the expression of a number of genes that are important for hepatic fat oxidation (28, 29) . On the other hand, SREBP-1c is a master gene that regulates the expression of lipogenic genes, and increased expression of SREBP-1c is associated with fatty livers in murine models of diabetes (30, 31) . In this study, we found that PPAR␣ expression was up-regulated whereas SREBP-1c expression was down-regulated in the livers of HFD-fed DP-IV Ϫ͞Ϫ mice (Fig. 4 B and C) . These results are consistent with the notion that reduced hepatic lipid accumulation in DP-IV Ϫ͞Ϫ mice could result from attenuated lipogenesis and increased fat oxidation. Metabolic rate and oxygen consumption were measured over light and dark phases (B) and expressed as total oxygen consumption over a 23-h period (C).
(D) Expression of uncoupling protein 1 and ␤-3 adrenergic receptor in BAT. * , P Ͻ 0.05, n ϭ 8.
DP-IV ؊͞؊
Mice Are Resistant to Streptozotocin-Induced Hyperglycemia. Impaired insulin secretion because of insufficient ␤ cell function is a key feature of type 2 diabetes (1). In this study, mice were fed HFD for 8 weeks, followed by injection of a moderate dose of STZ to induce hyperglycemia (32) . A time-course study indicated that blood glucose levels were similar in both groups (WT and DP-IV Ϫ͞Ϫ ) during the first 2 weeks after STZ injection. At 3-4 weeks post-STZ injection, however, WT mice developed hyperglycemia, whereas DP-IV Ϫ͞Ϫ mice maintained euglycemia (Fig. 5A) . Circulating insulin levels were significantly higher in DP-IV Ϫ͞Ϫ mice than in the WT mice (Fig. 5B) , providing a potential explanation for the maintenance of euglycemia in the former.
Immunohistochemical analysis of pancreas from HFD͞STZ-treated WT and DP-IV Ϫ͞Ϫ mice by using antiinsulin and glucagon antibodies revealed a dramatic difference in the ratio of glucagon-positive to insulin-positive cells within individual islets (Fig, 5C ). The glucagon͞insulin ratio was 0.48 Ϯ 0.06 for DP-IV Ϫ͞Ϫ mice and 1.62 Ϯ 0.41 for WT mice (P ϭ 0.02, n ϭ 15), suggesting a significant loss of ␤ cell mass in WT mice. These observations suggest that in the absence of DP-IV, ␤ cells are resistant to the combined deleterious effects of STZ and HFD. It is possible that the elevated levels of circulating GLP-1 in DP-IV Ϫ͞Ϫ mice contribute to the protective effects on ␤ cells, because GLP-1 exerts trophic effects on ␤ cells in vitro and in vivo (33, 34) .
Discussion
We have demonstrated that mice lacking the DP-IV gene are refractory to the development of obesity and adiposity induced by HFD, resulting from reduced energy intake and concomitant increase in energy expenditure. Ablation of DP-IV also is associated with improved metabolic control in these animals, resulting in improved insulin sensitivity, reduced pancreatic islet hypertrophy, and protection against STZ-induced loss of ␤ cell mass and hyperglycemia. In addition, DP-IV deficiency either directly or indirectly induces a signal that activates the PPAR␣ pathway and down-regulates SREBP-1 expression, thereby increasing lipid oxidation, reducing lipogenesis, and preventing hepatic steatosis that typically is associated with high-fat feeding.
Despite previous in vitro studies proposing a role for CD26͞ DP-IV in T cell activation, the knockout mice develop normally with no obvious defects in immune function (20) . Furthermore, we have performed comparative histological studies on Ͼ40 organs from DP-IV Ϫ͞Ϫ and WT mice and have not observed any remarkable differences (data not shown), suggesting that the deficiency in DP-IV is well tolerated in mice. Consistent with this finding, Fischer rats that are genetically deficient in DP-IV are also normal phenotypically and exhibit improved HFD-induced insulin resistance (35) .
GLP-1 is a DP-IV substrate that is of prominent medical interest for the treatment of diabetes (15) (16) (17) . DP-IV converts the active GLP-1 7-36 -amide to inactive GLP-1 9 -36 -amide (36) (37) (38) . Circulating GLP-1 levels were elevated in the knockout mice in this study and could contribute to the reduced food intake and decreased weight gain in these animals, consistent with the proposed role of this incretin in gastric emptying and central satiety control (15) (16) (17) . However, because DP-IV degrades most peptides containing a penultimate Pro or Ala residue at the amino terminus (12) (13) (14) , it is anticipated that several such regulatory peptides would be stabilized in the knockout animals. Hence, one cannot exclude the possibility that elevated levels of some of the unknown substrates may impact the physiology of DP-IV Ϫ͞Ϫ mice and contribute to the improved metabolic phenotype. Indeed, disruption of GLP-1 signaling by deletion of the GLP-1 receptor in mice is not associated with the development of obesity (39) , possibly because of compensatory upregulation of other incretin hormones, such as glucosedependent insulinotropic polypeptide. Therefore, the resistance to obesity observed in DP-IV Ϫ͞Ϫ mice likely is due to effects extending beyond the stabilization of bioactive GLP-1. Further investigations into the substrate specificity of DP-IV should lead to identification of novel peptides that are present at higher levels in DP-IV Ϫ͞Ϫ mice, providing valuable information for unraveling the mechanisms of body weight control.
Pathways that control insulin secretion and regulate ␤ cell mass are integral to the pathology of diabetes mellitus (40) . It has been shown that when lipids accumulate in nonadipose tissues during overnutrition, fatty acids trigger deleterious signals that cause apoptosis of lipid-laden cells, such as ␤ cells and cardiomyocytes (41, 42) . In the pathogenesis of diabetes in the ZDF ( fa͞fa) rat, there are biphasic ␤ cell responses to lipid overload. The initial phase involves ␤ cell hypertrophy and hyperplasia along with increased insulin secretion to counter the development of insulin resistance resulting from obesity. As this prediabetic stage of obesity progresses, the lipid-laden ␤ cells undergo apoptosis with an accompanying decline in insulin production to below the levels required to compensate for insulin resistance and hyperglycemia ensues. In this study, we show that WT mice develop insulin resistance and islet hypertrophy when maintained on a HFD. When HFD-induced insulin resistance was combined with partial islet damage elicited by a moderate dose of STZ, WT mice exhibited loss of insulin-positive ␤ cells, decreased circulating insulin levels, and hyperglycemia. These defects were absent or attenuated in DP-IV Ϫ͞Ϫ mice. These data suggest that inhibition of DP-IV may present an opportunity for preventing or delaying ␤ cell loss and promoting islet regeneration in the treatment of type 2 diabetes.
Over the past 10 years, GLP-1 has been explored as a therapeutic agent with demonstrated efficacy in lowering glucose in diabetic patients (43) (44) (45) . However, the usefulness of native GLP-1 in the treatment of diabetes is hampered by the very short half-life of the hormone because of inactivation by DP-IV. Therefore, strategies for GLP-1-based treatment of diabetes have focused on injections of GLP-1 derivatives that are resistant to DP-IV or stabilization of endogenous GLP-1 through the use of DP-IV inhibitors. Such approaches have led to promising agents with glucose-lowering efficacy in diabetic patients (46, 47) . The data presented in this study provide strong evidence that chronic ablation of DP-IV activity may have added benefits in metabolic control extending beyond glucose homeostasis per se and may serve as a unique intervention for treating both diabetes and obesity.
